Aims/hypothesis The single nucleotide polymorphism (SNP) rs9939609 in the fat mass and obesity associated gene (FTO) and the rs7566605 SNP located 10 kb upstream of the insulin-induced gene 2 gene (INSIG2) have been proposed as risk factors for common obesity. Methods We tested for genotype-treatment interactions on changes in obesity-related traits in the Diabetes Prevention Program (DPP). The DPP is a randomised controlled trial of 3,548 high-risk individuals from 27 participating centres throughout the USA who were originally randomised to receive metformin, troglitazone, intensive lifestyle modification or placebo to prevent the development of type 2 diabetes. Measures of adiposity from computed tomography were available in a subsample (n=908). This report focuses on the baseline and 1 year results. Results The minor A allele at FTO rs9939609 was positively associated with baseline BMI (p=0.003), but not with baseline adiposity or the change at 1 year in any anthropometric trait. For the INSIG2 rs7566605 genotype, the minor C allele was associated with more subcutaneous adiposity (second and third lumbar vertebrae [L2/3]) at baseline (p=0.04). During follow-up, CC homozygotes lost more weight than G allele carriers (p=0.009). In an additive model, we observed nominally significant gene-lifestyle Diabetologia (2008) 
Introduction
The most convincing findings to date for an obesity-related genotype have been for variants at the fat mass and obesity associated (FTO) gene. Frayling and coworkers reported a strong and robust association between a single nucleotide polymorphism (SNP) located within the first FTO intron (rs9939609) and BMI [1] , which concurred with the results of two independent studies published almost simultaneously [2, 3] . In the initial studies of Chinese and Oceanic populations, no evidence of association between the previously reported FTO genotypes and obesity was observed [4, 5] . However, more recently, reports have emerged of associations between rs9939609 and obesityrelated traits in people of Asian descent [6] [7] [8] [9] . Elsewhere, Andreasen and coworkers reported evidence that rs9939609 interacts with physical activity, where the risk of obesity conveyed by the minor allele was completely offset in physically active individuals [10] .
Herbert et al. undertook the initial genome-wide association study for obesity in the Framingham Heart Study [11] . In that study, the SNP rs7566605, located 10 kb upstream of the insulin-induced gene 2 (INSIG2), was the only one found to be associated with obesity at a genome-wide level of statistical significance; a recessive effect of the SNP rs7566605 was reproduced in nine independent cohorts comprising 9,187 participants (p=0.008). Individuals homozygous for the high-risk, minor C allele incurred a 1.22-fold increased risk of being obese compared with individuals without the putative risk allele. Although several subsequent confirmatory analyses were published [11] , others found no evidence of association [12] [13] [14] [15] [16] . In 6,599 British whites [16] , for example, a non-significant p value of 0.09 was obtained for a trend in a direction opposite to that reported by Herbert et al. [11] , with C allele homozygotes appearing to be leaner than individuals carrying the G allele. In a recent meta-analysis of 16,969 individuals, the summary effects of rs7566605 genotype on BMI and obesity (as a dichotomous trait) were calculated [17] . The authors reported that, although the allelic effects across studies were heterogeneous, CC homozygotes had a marginally higher BMI than G allele carriers, an effect that was nominally statistically significant (p=0.046) [17] .
In the present report from the Diabetes Prevention Program (DPP), we tested the hypotheses that the SNPs rs9939609 and rs7566605 are associated with obesity at baseline and modify the effects of the DPP interventions on changes in weight, adipose distribution and energy balance behaviours at 1 year. Specifically, we hypothesised that the effects of the metformin and lifestyle interventions on weight loss are dependent on the FTO and INSIG2 genes, and that variants at these loci, which have previously been associated with obesity traits, would modify the effects of the interventions.
Methods

The DPP
The DPP is a multicentre randomised clinical trial in which the effects of metformin, troglitazone or an intensive lifestyle intervention on the incidence of type 2 diabetes were assessed, as described in detail previously [18, 19] . Briefly, non-diabetic overweight persons (n=3,234) with raised fasting and post-challenge glucose levels were randomised to receive placebo, metformin (850 mg twice daily) or a programme of intensive lifestyle modification (aimed at ∼7% weight loss and ∼150 min of physical activity per week); a fourth arm of individuals (n=585) assigned to receive troglitazone (400 mg daily) was terminated 2 years after the trial commenced because of hepatotoxicity [20] . The principal endpoint in the DPP was the development of diabetes by confirmed OGTT. Other phenotypes, such as changes in weight, waist circumference, abdominal adipose tissue distribution, lipids, insulin and glucose, were also collected. The primary focus of this report is the obesity-related traits; the secondary focus is diabetes incidence. Written, informed consent was obtained from each participant, and each of the 27 DPP centres obtained approval from their respective institutional review boards prior to initiation of the study protocol.
Participants
Consent for genetic analyses was obtained for 93.3% (n=3,356/3,597) of the participants who were originally assigned to a treatment arm in the DPP and for whom data at baseline and 1 year were available. Of the participants studied here, 56.1% were white, 20.4% were African American, 16.7% were Hispanic, 4.4% were Asian/Pacific Islander and 2.5% were American Indian by self-report. Concordant with the entire DPP, the participants' mean age at enrolment was 51 years and mean BMI was 34.1 kg/m 2 . Quantification of energy intake, energy expenditure and body composition Physical activity (leisure time and occupational) was assessed at baseline and 1 year using the validated Modifiable Activity Questionnaire (MAQ) [21] [22] [23] . The MAQ asks questions about activities common within the DPP cohort, and the responses were subsequently converted into metabolic equivalent (MET) h/week, which we use in this report as a surrogate marker of physical activity energy expenditure (PAEE).
Diet information was collected by face-to-face interviews at baseline and 1 year later using the semi-quantitative DPP food frequency questionnaire [24, 25] .
Body composition measurements included height, weight, waist circumference and, in a subgroup, abdominal computed tomography (CT) quantification of subcutaneous and visceral fat areas. The CT instruments used included the GE High Speed Advantage (GE Healthcare, Wauwatosa, WI, USA) (five centres), the Picker PQ 5000 (TransAmerican Imaging, North Lindon, UT, USA) (five centres), the Siemens and Siemens Somatom Plus (Siemens Health Care, Malvern, PA, USA) (two centres), the GE 9800 (GE Healthcare) (three centres), and the GE Highlite (GE Healthcare) (two centres). Two 10 mm thick axial images were obtained at the second and third lumbar vertebrae (L2/3) and L4/5 disc spaces, and were used to define the different adipose compartments and areas by trained staff at a central reading facility (University of Colorado, Denver, CO, USA), as described previously [26] .
Genotyping
Genotyping was performed by allele-specific primer extension of multiplex amplified products and detection with matrix-assisted laser desorption/ionisation time-of-flight mass spectroscopy on a Sequenom iPLEX platform (Sequenom, San Diego, CA, USA). The genotyping success rates for the SNPs rs9939609 and rs7566605 were 97.3% and 99.6%, respectively. The allele frequencies at both SNPs in each of the five ethnic groups were in Hardy-Weinberg equilibrium (p>0.2).
Statistical power
We estimated the power of the present study at baseline to detect previously reported effect sizes for BMI using Quanto software (version 1.2.3) [27] . For the FTO rs9939609 genotype, assuming an additive mode of inheritance (TT vs TA vs AA), our study was powered at 85% (p<0.05) to detect the previously reported effect of 0.36 kg/m 2 per allele [1] . For the INSIG2 rs7566605 genotype, assuming a recessive mode of inheritance (GG+GC vs CC), our study was powered at 70% (p<0.05) to detect the previously reported effect of 0.69 kg/m 2 [17] . We also calculated the power available within the DPP cohort to detect the interaction effect sizes reported here (Electronic supplementary material [ESM] Table 1 ).
Statistical analysis
As a general principle of the DPP genetics project, statistical analyses are planned a priori and the decision to undertake specific tests and to report the results from these tests is made before embarking upon statistical analyses. The primary endpoints were changes in obesity-related traits (i.e. weight, waist circumference or fat mass) and changes in energy balance behaviours (i.e. leisure time physical activity [LTPA] or energy intake) at 1 year after randomisation. A secondary endpoint was diabetes incidence at study end, which was assessed using Cox proportional hazards models. LTPA and energy intake were logarithmically transformed owing to skewed distributions. All other traits were normally distributed and so no transformations were applied. All residuals from the general linear models were normally distributed. All genotype-bytreatment group interaction models were tested separately by intervention arm; we used analysis of covariance with genotype, intervention and genotype by intervention interactions as the independent variables predicting the change in weight, waist circumference or adiposity. Interactions with troglitazone were also assessed, although owing to insufficient numbers, these were confined to analyses in which weight change was the outcome variable of interest. To determine whether it was appropriate to combine data from different ethnic groups, we began by testing interaction terms for genotype by ethnicity. If these tests were statistically significant (p<0.05), we progressed by undertaking adjusted ethnicity-stratified analyses. In all other cases, data were pooled and results are adjusted for age, sex, ethnicity and the baseline value for the respective obesity trait. When no significant genotype by treatment group interaction was evident, the statistical models were adjusted for treatment group. Differences between means were tested using pairwise contrasts. Additive genetic models were analysed for both SNPs. For the INSIG2 rs7566605 SNP, we also analysed recessive genetic models, since both additive and recessive models have been reported in the literature. For general linear models using genotype as a class variable, nominal two-sided p values are reported, adjusted for multiple comparisons (unless otherwise stated, three genotypic groups within each trait: AA vs Aa, AA vs aa, Aa vs aa) using the Holm procedure [28] . Experiment-wide adjustments for multiple hypothesis testing was not undertaken. This is because previous studies have reported associations with obesity traits at the loci of interest [1-3, 11, 17] . As a consequence, the prior probability for association is higher than when testing de novo hypotheses.
Results
Participant characteristics
Participant characteristics for the entire DPP cohort, stratified by the rs9939609 and rs7566605 genotypes, are reported in Tables 1 and 2, respectively. Tables 3 and 4 report the characteristics of the subgroup of DPP participants for whom CT scan data were available, stratified by the rs9939609 and rs7566605 genotypes, respectively. Table 5 reports Pearson correlation coefficients for each of the measures of adiposity in the CT scan subgroup. Allele frequencies at both loci differed significantly by ethnicity.
Results for the FTO SNP (rs9939609)
Baseline associations of rs9939609 In baseline analyses adjusted for age, sex and ethnicity, and consistent with prior reports [1] [2] [3] , the minor A allele at rs9939609 was associated with heavier weight (p=0.03) and higher BMI (p=0.003). The association with waist circumference was not statistically significant (p=0.06) (see Table 1 for unadjusted results). As indicated in Table 3 , the allele frequencies for the subgroup in which abdominal adiposity had been assessed (n=869) were similar to those in the cohort as a whole. The genotype×ethnicity interaction term was statistically significant for subcutaneous adipose tissue at L2/3 (p=0.044). However, none of the tests of association between the rs9939609 genotype and this slice site was statistically significant when performed within ethnic group. No genotype associations were observed for area of subcutaneous or visceral adiposity at either slice site (L2/3 or L4/5, see Table 3 ) or for PAEE or energy intake.
FTO rs9939609 genotype-treatment interactions We tested whether the rs9939609 genotype modifies the effects of treatment on the change in obesity-related traits at 1 year. In these models, it appeared that the minor allele was associated with a greater increase in subcutaneous adipose tissue (L2/3) in the placebo group but not in the metformin and lifestyle groups (see Fig. 1 ) (p=0.06 for interaction with metformin, p=0.05 for interaction with lifestyle).
Results for the INSIG2 SNP (rs7566605)
Baseline associations for rs7566605 In Table 2 , the unadjusted means for weight, waist circumference and BMI are shown stratified by rs7566605 genotype for the entire DPP cohort. In Table 4 , these obesity indices and mean values for subcutaneous and visceral adipose areas are shown for the subgroup of individuals for whom CT assessments of adipose area were available (n=908). As indicated in Table 4 , the allele frequencies for those with abdominal fat area assessed using CT (n=908) were similar to those in the whole DPP cohort.
Following adjustment for age, sex and ethnicity, there was no evidence of association between the rs7566605 genotypes and baseline weight, waist circumference or BMI. However, the minor CC genotype was nominally associated with more subcutaneous adipose tissue at L2/3 compared with the other genotypes (mean difference 26.0 cm 2 , 95% CI 1.2-50.9 cm 2 , p=0.04). No significant genotype associations with visceral adiposity, PAEE or energy intake were observed.
INSIG2 rs7566605 genotype-treatment interactions As shown in Fig. 2 , in an additive model, the test of interaction between the rs7566605 genotype and lifestyle intervention (vs placebo) was nominally statistically significant for change in weight (p= 0.02); no statistical association between genotype and weight loss was observed in the placebo group, but in the lifestyle intervention group, CC homozygotes had lost, on average, 1.7 kg (95% CI −3.3 to −0.2 kg, p=0.02) more weight at 1 year after randomisation than G allele carriers.
We observed nominally significant gene-lifestyle interactions on subcutaneous adipose area at L2/3 (p=0.01) (Fig. 3a) and L4/5 (p=0.03) (Fig. 3b) , and for visceral adipose area at L2/3 (p=0.02) (Fig. 3c) ; in the placebo group, subcutaneous and visceral adipose areas increased irrespective of genotype, whereas with lifestyle intervention, a reduction in subcutaneous and visceral adipose areas tended to occur, which was greatest for C allele homozygotes.
FTO (rs9939609) and INSIG2 (rs7566605) genotypes and the incidence of diabetes In adjusted Cox proportional hazards models, we observed no evidence of association with incident diabetes in additive models for either rs9939609 (HR 1.05, 95% CI 0.94-1.18) or rs7566605 (HR 1.0, 95% CI 0.76-1.31) genotypes.
Discussion
We tested whether genotypes at the previously associated SNPs rs9939609 in FTO and rs7566605 upstream of INSIG2 modify the effects of treatment with metformin, troglitazone or intensive lifestyle modification on obesityrelated traits in individuals at high risk of type 2 diabetes. We observed strong baseline associations with anthropometric measures of obesity for FTO rs9939609 and nominally significant differences in baseline levels of subcutaneous adipose tissue for INSIG2 rs7566605. For INSIG2 rs7566605, we observed nominal evidence of statistical interactions between genotype and treatment groups on change in abdominal adipose area during the first year of follow-up; the common G allele was associated with a lesser reduction in subcutaneous and visceral adipose areas following treatment with lifestyle intervention, whereas change in adipose area in those assigned to the placebo group was similar across genotypes. The mechanisms that underpin the associations between the FTO and INSIG2 variants and obesity remain undefined. Weight gain can result from defects in molecular pathways influencing behavioural drive (e.g. centrally mediated energy intake, dietary nutrient preference [29, 30] and the tendency to be physically active [31] ) and from cellular mechanisms that lead to variations in dietaryinduced thermogenesis or basal energy expenditure [32] . The amino acid sequence of the protein encoded by FTO is highly conserved among vertebrates and is present in nonvertebrates [33] . In vitro murine studies show that Fto is highly expressed throughout the hypothalamus, particularly in the arcuate nucleus [33, 34] , the feeding centre of the brain. Thus, it seems probable that FTO has played an important role in the regulation of food intake throughout the evolution of several diverse species. The protein product of INSIG2 is believed to be primarily involved in the control of cholesterol and fatty acid metabolism via regulation of sterol regulatory element binding transcription factors (SREBFs) [35] . SREBFs regulate the proteolysis and transport of specific membrane proteins involved in lipid synthesis and metabolism [36] . The mechanisms through which INSIG2 influences obesity are yet to be established, although some have speculated that the gene may regulate rates of adipogenesis via SREBF1 (also known as SREBP1) [37] .
For both the FTO and INSIG2 SNPs studied here, we were unable to detect statistically significant associations with any of the available behavioural measures of energy balance. This may be because our measures of energy balance were derived using questionnaires, and their imprecision limits the ability to detect genetic associations with these traits. Consequently, it is possible that an allelic association with these phenotypes exists but was undetectable in this study owing to insufficient statistical power. Alternatively, the genetic effects may influence basal energy metabolism or dietary thermogenesis, for which measurements are lacking in the DPP, and play no role in feeding or physical activity per se.
Two recent reports emanating from observational epidemiological cohorts suggest that physical activity may interact with FTO variants to attenuate the risk of obesity [10, 38] . We found tentative support for an interaction between the FTO variant and lifestyle intervention on change in adipose area. However, because our lifestyle intervention combined physical activity, dietary modification and weight loss, our study does not provide direct confirmation of those previous studies. In a report of a lifestyle intervention study of 293 obese German children [39] , the body mass (expressed as age-and sex-standardised BMI units) of CC homozygotes at INSIG2 rs7566605 decreased to a lesser extent following lifestyle intervention than that of G allele carriers; this observation is in the opposite direction to our current result in adult DPP participants. There are various plausible explanations for the disparate findings which include the possibility that the findings of one or both studies are false-positives. An alternative explanation is that interactions with other unobserved factors influence the direction of genetic effects. DPP participants were specifically recruited because they were at high risk of type 2 diabetes. It is possible that the specific nature of this cohort may hinder the detection of genetic effects and inhibit the generalisability of findings from the DPP to cohorts at lower risk. Nonetheless, we were able to detect the effect of the previously associated FTO variant on baseline levels of obesity, illustrating that the data for the DPP population can be used to study obesity genetics. A further possible limitation of our study is that the ethnic diversity of the DPP cohort could have reduced the ability to detect genetic associations if the markers we have focused on are tagging polymorphisms in some but not all of the DPP ethnic groups. In this scenario the effect estimates and corresponding probability statistics could be diluted. However, we found no statistical evidence to suggest that this was the case in the present analyses. For example, the effects for the models that were significant in the overall cohort are consistent in direction when stratified by the three main ethnic groups in this study (European Americans, African Americans and Hispanics). The association between the FTO SNP and baseline BMI was somewhat stronger in magnitude in European Americans than in Hispanics or African Americans, whereas the association between the INSIG2 SNP and change in weight over the first year after randomisation was marginally stronger in Hispanics than in European Americans or African Americans. However, none of these associations differed statistically between ethnic group.
In conclusion, we were able to confirm the previous reports that the minor allele at the FTO rs9939609 locus is associated with measures of obesity. We also found modest evidence of association and interaction with the lifestyle intervention for the INSIG2 rs7566605 genotype. This latter observation may help explain why some of the attempts to replicate the association between INSIG2 and obesity, initially reported in the Framingham Heart Study, in cohorts that may have different lifestyle behaviours have yielded variable results. It is important to stress, however, that our observations are from a setting of multiple hypothesis testing, and most results only reach a nominal level of statistical significance. Thus, one should remain cognisant of this limitation when interpreting our findings of genetreatment interactions at the FTO and INSIG2 loci.
